Transdermal enhancement effects of electroporation applied only on the stratum corneum by two electrode types, the stamp-type electrode and the frog-type electrode, were investigated in vitro using excised rat skin. Carboxyfluorescein (CF) was selected as a model compound. The excised skin was set in a Franz type diffusion cell and a square wave electric pulse was applied to the stratum corneum under various electric pulse conditions. We determined the permeability of CF to the receptor compartment under these conditions. Voltage, electric pulse length, and number of electric pulses, were varied from 10 to 1000 V, 50 m ms to 15 ms and 5 to 30 pulses, respectively. Flux rate was enhanced as the electric pulse condition strengthened. However, the maximum value was attained in the flux rate, above which no increase was observed despite strengthening of the electric pulse. Although at low electric pulses, the enhancement effect of the frog-type electrode was superior to that of the stamptype electrode, the maximum flux rates were the same. These results indicate that electroporation on the stratum corneum using the stamp-type electrode or frog-type electrode, is useful for transdermal drug delivery.
calcitonin, 9) terazosin, 10, 11) alniditan, 12) fentanyl, [13] [14] [15] cyclosporin-A, 16) heparin, 17) metoprolol, 18, 19) and LHRH. 20, 21) Transport of these drugs through skin was effectively enhanced by electroporation. There are two cases for placement of the electrodes. In one case, the electrodes for electroporation are set on both the stratum corneum and the dermis of excised skin, and electroporation is applied across the skin. [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] In the second case, the electrodes are set only on the stratum corneum and electroporation is applied on the surface of the stratum corneum. 6, 22) The latter system might be more suitable for clinical applications.
We have designed new electrodes that can be set only on the stratum corneum: a stamp-type electrode and a frog-type electrode. Using a FT-IR/ATR method, we found 6) that electroporation by the frog-type electrode disordered the lipid and protein structure of the stratum corneum. These structural changes were accelerated by combination with oleic acid. Indomethacin permeability through the skin was remarkably increased by combining electroporation and oleic acid as a skin penetration enhancer.
In the present study, we selected carboxyfluorescein (CF) as a model water soluble drug and examined the relationship between electroporation conditions and transdermal permeability of CF using the stamp-type electrode and the frogtype electrode. We also compared the ability of the two electrode types to promote transdermal drug delivery.
MATERIALS AND METHODS
Chemicals Carboxyfluorescein (CF) was purchased from Wako Pure Chemicals Ind., Ltd. (Osaka, Japan). All other chemicals were of reagent grade.
Animals Male Wistar rats (7 weeks old) were obtained from Japan SLC Inc., (Shizuoka, Japan), and were bred at 25°C for at least 7 d prior to experiments in an animal room lit 12 h a day. Equipment for Electroporation Two types of electrodes, shown in Fig. 1 , were examined. The stamp-type electrode has a rod electrode at the center and a circular electrode around the outer edge. The frog-type electrode has 21 thin rod electrodes with a flat tip so as not to injure the skin. The electroporator was an ELECTRO SQUARE PORATOR T820 (BTX, San Diego, CA, U.S.A.). The electric pulse monitor was an OPTIMIZOR 500 (BTX, San Diego, CA, U.S.A.). The examined electric pulses were square wave pulses.
Skin Permeation Study The abdominal hair of each rat was shaved under pentobarbital anesthesia with electric hair clippers and a razor. The upper unit of a Franz type diffusion cell was then attached to the stratum corneum using instantaneous adhesive and abdominal skin was removed. Subcutaneous fat was carefully cut off and the lower unit of diffusion cells was attached to the dermal side. The diffusion area was 1.05 cm 2 . The receiver compartment was filled with 14.2 ml isotonic phosphate buffer (PBS, pH 7.4) and the skin set diffusion cell was immersed in a water bath (37.0°C). The receiver compartment was stirred with a magnetic stirrer and PBS containing CF (0.1 mg/ml, 300 ml) was added to the donor compartment. The electrode was then pressed on the stratum corneum and square wave electric pulses were applied. The voltage, electric pulse length, and number of electric pulses were varied from 10 to 1000 V, 50 ms to 15 ms, and 5 to 30 pulses, respectively. The interval period between electric pulses was fixed to 1 s. After electroporation, 700 ml of PBS containing CF was again added to the donor compartment and an aliquot of 500 ml was periodically sampled from the receiver compartment for measurement of CF permeation. Fresh PBS was immediately added to the receiver compartment after sampling in order to maintain a constant volume. The CF concentration was measured on a fluoropho-tometer (HITACHI F-3000, EX: 490 nm, EM: 520 nm) and the amount of permeated CF was calculated.
Data Analysis The cumulative amount of permeated CF (ng/cm 2 ) was plotted versus time. Flux rate (ng/cm 2 /h) was calculated as the slope of the linear portion of the plot. Quantity of electricity (coulomb, C) was calculated as the product of electric current and electric pulse length. Electric current was calculated from the monitored value by OPTIMIZOR 500. Significant differences between mean values were analyzed by Student's t-test (pϽ0.05) after group comparison by one-way analysis of variance (ANOVA). Figure 2A shows the effect of electric pulse voltage on the permeability of CF. Pulse length was fixed to 100 ms and number of pulses was fixed to 10. Although a 50 V electric pulse did not affect permeability of CF compared to controls, at over 100 V, CF permeability was enhanced depending on the voltage. Averaged CF flux rates of control, at 50, 100, 500, and 1000 V were 18.4, 19.0, 30.4, 44.2, and 51.1 ng/cm 2 /h, respectively. Figure 2B shows the effect of electric pulse length on the permeability of CF. The voltage and number of pulses were fixed at 100 V and 10 pulses, respectively. The permeability of CF was enhanced as electric pulse length was increased up to 5 ms. However, permeability remained nearly the same when the electric pulse length was increased from 5 ms to 15 ms. Figure 2C shows the effect of number of pulses on the permeability of CF. The voltage and pulse length were fixed at 100 V and 1 ms, respectively. Permeability was enhanced as the number of pulses increased.
RESULTS

Effect of Electric Pulse Condition on the Permeability of CF Using a Stamp-Type Electrode
Enhancement Effects of the Stamp-Type Electrode and
Frog-Type Electrode The electric resistance of the stamptype electrode and the frog-type electrode differed when applied on the skin (79.0 W for the stamp-type electrode and 21.7 W for the frog-type electrode). Therefore, at first we compared both electrodes at the same electrical current while adjusting the voltage. Figure 3A shows CF permeation when electric current was 1.3 A: the voltage was 100 V for the stamp-type electrode and 27.5 V for the frog-type electrode. Electric pulse length was fixed to 1 ms and the number of electric pulses was fixed to 10. The enhancement effect of the frog-type electrode was significantly higher than that of the stamp-type electrode. CF flux rates were 18.4, 53.6, and 126.5 ng/cm 2 /h, for control, stamp-type, and frog-type electrodes, respectively. Figure 3B shows the CF permeation when the electric pulse length was extended to 5 ms, while the other electric pulse conditions were the same as in Fig. 3A . Permeability of CF became nearly identical for both electrodes under these conditions: CF flux rates were 141.7 and 146.3 ng/cm 2 /h for the stamptype and frog-type, respectively. The enhancement effects of the two electrodes differed with various electric pulse conditions. Therefore, we examined the enhancement effects of the two electrodes using various electric pulse conditions.
Comparison of the Stamp-Type Electrode and the Frog-Type Electrode Relative to the Quantity of Electricity Because we considered that the enhancement effect of electric pulses could be related to the quantity of electricity, the product of electric pulse current and electric pulse length, we examined the relationship between flux rate and quantity of electricity for both electrodes. Table 1 shows the electric pulse conditions, quantity of electricity and calculated flux rates. Figure 4 shows the relationship between quantity of electricity and flux rate in Table 1 . For the stamp-type electrode, flux rate increased linearly as the quantity of electricity For the frog-type electrode, the flux rate at a low quantity of electricity was higher than for the stamp-type. However, the maximum flux rate was identical for both electrodes.
DISCUSSION
Electroporation is considered a useful transdermal drug delivery system because of the creation of a new aqueous pathway across the lipid bilayer and/or a change in the lipid structure of stratum corneum. 2, 3, 6) However, a clinically applicable system has not been reported yet. Gallo et al. examined the permeability changes of full-thickness porcine skin when two electrodes were attached to the stratum corneum. 22) Their system might be more clinically suitable than a system in which electrodes are attached to the stratum corneum and the dermis. The stamp-type electrode and frog-type electrode used in the present study were designed as prototypes of a practical electrode for skin electroporation. We examined the transport of CF through excised rat skin using various electroporation conditions using both electrodes. Electroporation significantly increased the flux of CF compared to control and flux rate increased as the quantity of electricity increased. However, a limit was observed in the enhancement effect and flux rate did not increase above the maximum value. These results might be explained as follows: since the rate-determining step of CF permeation is the initial transport through the stratum corneum, electroporation enhances the permeability of the stratum corneum to CF and thus the flux rate increases. As electric pulse conditions strengthen, CF flux rate through the stratum corneum increases until the rate-determining step changes from transport through the stratum corneum to that through the dermis or other layers. In the present study, electroporation was applied only to the stratum corneum and thus the enhancement effect to this layer was expected. This resulted in the attainment of the maximum value, despite further increases in the quantity of electricity.
Comparing the frog-type and stamp-type electrode, the frog-type was more effective than the stamp-type under weak electric pulse conditions. The stamp-type electrode was designed so that the drug solution was put into the space between the center electrode and the outside electrode, and electric pulse could be applied in the simultaneous presence of the drug. However, we subsequently demonstrated that the simultaneous presence of the drug at the time of the electric pulse was not necessary for enhancement of penetration. 6) Therefore, a separate space in which the drug solution is retained is not necessary. The frog-type electrode was designed so that electric pulse could be applied uniformly to the stratum corneum. Because the resistance of the frog-type electrode was lower than that of the stamp-type, the voltage necessary to attain equal electric current was lower for the frogtype than for the stamp-type. Even at a low voltage such as 27.5 V, an enhancement effect near maximum could be obtained, suggesting that the frog-type might be more practical for clinical applications.
In conclusion, electroporation on the stratum corneum only, using the stamp-type electrode or the frog-type electrode can enhance the permeability of CF through the skin, depending on the electric conditions. Although the maximum enhancement effect is the same for both electrodes, the enhancement effect of the frog-type is superior than that of the stamp-type at low electric conditions. ᭹, stamp-type electrode; ᭺, frog-type electrode (nϭ4-6, meanϮS.E.M.).
